Low-Density Universe

———f

by Martin A, Bucher and David N. Spergel

osmology has a reputation as a difficulr science, but

in many ways explaining the whole universe is

easier than understanding o singlecelled ammal.
{ On the largest cosmic scales, where stars, galaxies and even
|

galaxy clusters are mere flecks, matter is spread oot evenly.
And i is governed by only one force, graviry: These two basic
| observations—large-scale uniformity and the dominance of
| gravity—are the basis of the big bang theory, according o
[ which our universe has been expanding for the past 12 bil-
lio years o so. Despite its simple onderpinnings, the theory
is remarkably successful in explaining the vebocry of galaxies
away from one another, the relative amounts of liehr cle-
ments, the dim microwave glow in the sky and dhe general
evolution of astronomical seroctures, The unfolding of the
COsmos, It seems, 15 almost completely insensivive o the de-
tails of its conrents. Unfortunately for biologests, the same
' pnm:lpir dewes nest apply to-even d!:surnpil:‘;r OFZANIST.
- Yet there are paradoxes inherent in the big hang theary,
Toror decades ago cosmologists resolved these troubling in-
eorstencies by mcorporating sdeas from particle physics—
ing rise o the theory of “inflation.™ Bat now this elabora-
i itself fvcing a crsis, brought on by recent ohservations
contradict i prediction for the average density of
er in the ensmuos, Cosmologists are realizing thear thie uni-
may not be quite so simple as they bad thought, Either
ot the exastence of an exotic form of matter or
o they muse add 4 layer of complexity o the theory

UNIVERSES are self-contained universes that grow
-andd otherwise copry “multiverse.” True o the
refagivity, time and space have different meanings -
wmrtsidde each hubble; nme, as perceived mside, increases
the center of the bubble; the wall of the bubble represents
hﬂh’ﬂmmm O costarse, this painting depics an

¢ perspective, Even if an observer coubd exist outside the
"Mm‘ﬁeuﬂtu.dﬂmltpcﬂmnﬂu hecause the bubhle
ar the speed of light. Such ideas may sound like sciemce
, but 50 does any ather cutting-edge science.

i Lowar-Demasity Unnerse

Evidence has gradually accumulated that the universe has
less matter, and therefore is expanding faster, than the theory
of inflation traditionally predicts. But a more sophisticated
version of the theory readily explains the observations

of inflation. In this arsicke we will focus on the second option,
Sarwcthy speakimg, the big hang theory does not describe the
birth of the universe, bur rather is growth and naturation.
According to the theory, the infant ymiverse was an
hot, dense cauldron of radiation. A part of it, a chunk smaller
than a turnap, eventually enlacged into the universe observable
roday. | There are other pars of the universe, pedaps infmite in
earent, that we cannot see, because their light has not ver had
rime o reach the earth.) The idea of an expanding universe can
be comfusing; even Albert Finstein initially regsarded it with sus-
piciger, When the cosmos expands, the distance berween any
rwo! independent objects increases. Diszant galaxies move
Iipmh becaise the space between them is gening larger of irs
ownl accord, st as raisins move apart in a rising kaaf of bread.
A manural consequence of the expansion of o uniferm uni-
verst is Hubhle's law, whereby galaxies are moving away
from the earth (or from any other point in the universe] at
speeds proportional to cheir distance. Mot all obyects in the
universe obey this law, because mutual gravitational attrac-
tion fights againse the swelling of space. For example, the sun
and (the earth are not moving apar, Bue it holds on the
largest scales. In the simplest version of the big bang, the ex-
pﬂns_'hm hias always proceeded at much the same rare.

In the Beginning, Paradox

5.th= vouthful universe expanded, it cooled, thinned out
hecame increasingly comples. Some of the radiation
comilensed into the familiar elementary particles and simple
atomic nuclel, Within roughly 300,000 vears, the temperarure
had dropped 1o 3,000 degress Celsiugs, conl enough for the
ehectrons and protons o combine and form hydrogen atoms.
A thiis moment the universs bicame transparent, setting loose
the Bumous cosmic microwave hackground radiation, The ra-
diarion is vcr}'mml‘h.mduunng that the density of matter in
ditferent reggicns of the early universe varied by only one part
i 00,000, Tiny though these differences wese, the slight con-
mnn‘lariom eventually grew into galaxies and galaxy clusters
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Isee “The Evelution of the Universe,” by P James E, Pechles,
Dravid M. Schramm, Edwin . Turmer anad Richard ;. Kron;
SCLENTIFIC AMERICAM, October 15994].

Diespite its successes, the standard big bang theory cannot
answer several profound questions, Firse, why is the universe
50 umiform? Two regions on oppesite sides of the sky lonk
hraadly the same, yer they are separared by more than 24 hil
lion light-years, Eight has been traveling for only about 12
billicn vears, so the regions have yet re see cach other. Thers
has never been enougls time for matter, heat or light to flow
between them and humcmeriee their density and temperature
[ see ilfrestration cn frage 69] | Somehow the uniformity of the
utiiverse must have predated the expansion, but the theory
does not explain how,

Conversely, why did the carly
variations at all? Fortnarely, it did: withour these tiny undu-
lations, the universe telay wesuld stll be of wniform demsiry_
a few atoms per cubic meter—and neither the Milky Way mor
the earch would exisr,

Finally, wlhy is the rage of COSIMIC expansion just enough o
soutnteract the collective gravity of all the mamer in the uni-

tmiverse have any density

verse? Any sigmificant deviation from perfect balance would — whag miary he deseribed as o cosmalogncal friction, impeding che
have magnified itself over time. If the cxpansion rare had  descent. As long.as the friction daminates, the inflaseon feld s
been oo large, the universe today would seeny nearly devoid  almost sosck in place. Its value 1s nesirly comstans, se the and-
of matter If graviry had been ron strong, the universe would gravity force gains in strength relative o Bravity—camsing tlie
have already collapsed in 2 bz crunch, and you would o be distance unce tiearby objecs w inceesse a1 ever faster
reading this armicle, rates, Eventually the field weakens and converrs it Femmaining

Cosmalogpists express this quesstion in terms of the variable enengy ingo eadiation, Aferward the expansion of the universe
wemegs, L, el ratio of praviracional energy tor kinetic energy | conminues a5 i the statnehard by hamg,

{thist 15, the energy eontained the mation of mater a5
space expands), The variable i priportiogial to the density of
mitter in the universe—a higher density means STronger
graviry, hence a bager 2. 1F £ equals one, itk value never
changes; otherwise it Fapidly decreases or increases in  self-
reinforcing process, as cither kinetic ar gravitational energy
comes o domimate. After billins of vears, £ shoubd effec:
tivedy be esther zero or infinity, Because the current density of
the universe {hankfully | meithe i
inall vilue of £3 must have
chase 1o it {within ane part in 1079, Why? The hig
affers mo explanation apart from dumb Juck,
These shoreccomings do not invalidare the thenry—which
neatly explains billions of vears of cosmic history—bar they
do indicare that i is mcomplere. To fill in the gap, in the
carly 1950s cosmalogises Alan H. Guth, Katsubike Sato,
Anilrei B, Linde, Andreas Albreche and Paul [, Steinharde
develaped the theory of inflation [see “The Inflationary Un;-
verse,™ by Alan H. Gueh and Paul [, Seeinharde: Scmsrge
AMERICAN, May 1984],
The price paid for resolving the
b theory mose complicated. The
lates that the haby universe wene

L

patadanes is fo make big
inflationary theory posty-
through 1 perind of very

Quantum hebds, which resemble the
nedc and gravitational fields; A fuekd

e space, Associared witl

commion density and tem
parts of this uniform un
after inflanon ended, did
slower, hig hang expansg
the: heoader wverse, i

perature, Dusing inflacion, difforent
iverse fell our of touch; only laree,
light have time to cagch up wich the
soa I there is any nonuniformity in
hias ver 1o come o view,

Fieldwanrk

T'n bring about the rapid expansion, infladonary theary
adds a new elesment o cosmology. drawn From particle
physics: the “inflaton” field, In modery physics, elementary
particles, such as protons and electrons, are represented %
Eamiliar elecrric, Trag-
is sunply a function of
illations are interpreted as particles.
the eransmission of forves,
IS an “antigraviey ™ fance that sreech.
1@ given value of the inflaron field is o
like 2 ball rolling dewn 4 hill, che
torward the boram of ies podential s
e expansion of the umiverss introdoos

sprce aid time whose asc
Fields are responsibie for
The intlaron field impa

potenmal ene

Comsmologrsts visualize this process in remis af the shape of

be universe. According ro Finsein’s goneral theory of rela-

bang expansion, which decelerares o
expaizaon accelerared, fi pushed any
Apare ar an ever incréasing chp—eve
This motion did noe vinlite relativi
of Finire mass from miowving thrivi
The objecrs, in fact, stood soll e
them. lrwas space itscli that came g expand faster than lighe.

Such rapid expansion ea rly on explaing the uniformiry of
the universe seen today. All parts of the visible uiverse were
once: so close together that they were able o attain a

rapid expansion (hence the name). Tnlike comventional hag
ver time, the inflationary
two independens objeces
nrually faster than lighe,
iy, which prohibies bodies
gh space faster than lighr,
lative ko che space arousnd
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INFLATON FIELD, the
i behaved bike a ball rollang down 2 ball it sought o mininiae i
vetitial emergy (vertical s by changing its value {forizossal

dawn of time. In ssandard inflation (left), the fiedd then rerlied serai

origin of the force thar caused space o

e fickd began high up the hill hecause of QEANLUM processes at

its lowest value, Byt in open inflation (right), it gor canght

Inflativmr ine g Lonr-Diemsity Ubitierse



tavity, gravity & a geometnic effect: matter and energy warp
the fabiic of space and tme, distorming the patls that objecrs
fallow. The overall expansion of the universe, which iself s
& kind of bensding of space and time, is comealled by the
value of £3 | see boo e page 677, 1F €2 is greater than one, the
universe has 2 positive curvature, like the surface of an or-
ange bur in three spatial dimensions {the spherical, or
“closed,” geometry). If £3is less than one, the universe has o
negative curvature, like a potaro chip (the hyperbolic, or
“open,” geometry ], IF it equals one, the universe is flat, like a
pancake | the usual Euchdean geometny).

Intlatson Hartens the abservable universe, Whatever the ini-
tiall shape of the universe, the rapid expansion bloats it o
colossal size and pushes maost of it out of siphr. The small vis-
ible fraction might seem flar, just 25 a small part of the carth’s
surface seems flat. Inflation thus pushes the observed vahe of
&k voward one, Ar the same time, any initial ircegulariscs in
the density of mareer and radiation get evened out.

S0 in standard inflationary theory, cosmic flatmes and und-
fosrmity are linked, For the universe to be as homegeneous as it
5, the theory says the universe should be very, very flag, with £2
expaal o one waithin one part in 100,000, Any deviation from
exact flamness showld be usterly impossible for astronome s ro
detect, Thus, for moss of the past owo decades observational
flatness has been viewed as a firm predicton of the theary.

And that s the problem. A wide varery of astronomical ob-
servations, invalving galuey clisters and distant supemovae,
naw supgest that graviey is too weak 1o combar the expan-
siom, B so, the density of matter must be less than predicied —
wiith L3 ecpuaal g0 abour 0030 That is, the wniverse might be
curved and open. There are thres ways to interpret this resale.

OPEN INFLATION

walley, or “false minimusm. ™ Throaghoat moss of the universe it stayed
there, and mflation never ended. In a few lucky regions, the field “mn-
neled”™ oue of irs valley and complened it descent. One such region be-
came the bubble in which we live, In hoth stvles of inflation, once the
freld approiached its final resting place, it sloshed back and forth, flling
space with matter and radiaton. The big bang had begun.

Irflagrons e Lone-Edensity Uriverse

The st 15 thar inflationary theory is compherely wrong, Bus if
cosmobogists abandon milanon, the formidalibe paradoses so
nicely resolved by the theory would reappear, and 2 new
thenry wioukd be required. Mo such alvernative i known,

A second interpretation takes heart from the acceleraring ex-
pansion inferred from the chservarions of distane supemovae
[ “Surveving Space-time with Supemovae,” by Craig J.
Haogan, Robert P Kishner and Micholas B, Sunrzeff, on page
4], Sach expansion hines ar additional energy in the form of 4
“cosmological constant,” Thet extra energy would act as a
weird kind of matter, bending space much as vedinary marter
dows, The combined effect would be to Haren space, in which
case the inflationary theory has nothing to waorry abour [see
“Cosmological Antigraviry,™ by Lawrence M. Krauss, on page
3Z1. But the inference of the cosmalogical constant is plagoed
by nncermainties about dust and the nature of the stars thar un-
dergo supernova excplessons. Se cosmobopists are keeping ther
Options open (200 speak),

Bubble Universes

mhiﬂi path is to take the observations ar face valse and
ask whether o flat universe really is an inevitable conse-
quence af mflation, This appeoach involves vet another exmen-
sion of the theary to sill eardier tmes, with some new com-
plexiry. The route was first mapped in the early 1980s by
Sicney K. Codeman and Frank de Luccia of Harvaed Univer-
sity and J. Richard Ceatt I of Princeron University. Jgnored for
over a decade, the ideas were recently developed by one af us
(Bucher), along, with Neil G, Turok, now at the Universicy of
Cambndie, and Alfred 5. Coldbaber of the State University of
Mew York ar Steny Brook, and by Misao Sasaki and Takahiro
Tanaka, now at Osaka Universizy, aned Kazohire Yamamoto of
Kyoto University. Linde and his collaborators have abso pro-
e sorme concrete models and exensions of these ideas.

If the inflaron field had a different potential-enengy fune-
tioit, inflation would have bent space in a precise and pre-
dictable way—leaving the universe slightly corved raher than
exactly Har. In particular, suppose the potential-energy func-
ticen had two vallevs—a False (bocal) mimirmum as well as a rue
[global} minimuam [see dstratm ot left] . As the inflaron
field polled down, the universe expanded and became uni-
form; Bur then the ekl gos stuck in the false minimam, Physi-
cists call thes state the “false vacuum,™ amd any marrer and ra-
diation in the cosmos were almost entirely replaced by the
energy of the inflaton Geld. The fAuctuations inherent in
queantum mechamcs cavsed the inflavon field 1o jimer and uln-
mately enabled it to escape from the false minemum—juss a5
shakify a pinhall machine can free a mrapped ball,

The escape, called false-vacuum decay, did nos occur every-
where at the same time. Rarher it first ok place at some
randam location and then spread. The process was analo-
gous fo hringing water o a boil. Warer heated o its boiling
point does not instantaneously e into steam everywhere,
First, because af the random motion of aroms, scattered bub-
hles macleare throughour dhe liquid—rather like the burbling
of a par of soup, Bubbles smaller than a cerrain minimum
size collapse because of surface ension. But in larger bub-
bles, the energy difference between the steam and the super-
heated water overcomes surface tension; these bubbles ex-
pamd 1.“ the speed of sound in water,

In Balse-vacuum decay, quanmum Buctuations played the
role of the random atomic motion, causing bubbles of oue
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vacuem 1o nucleate, Surface rension destroved most of the
bubbles, but a few managed to grow so lange that quantum
clfects became unimportant. With nothing to oppose them,
their radius continued o mcrease at the speed of lighe. As the
oustsitde wall of a bubhle passed [Eu'l::lul;h a pl::lillnr in space, the
inflaton feeld ar that point was jolied our of the false munimam
and resumed its downward descent. Thereadter the space in-
side the bubble inflated much as m standard inflatronary
theory. The interice of this bubble corresponds o our uni-
verse. The moment thar the inHaton hebd broke ot of s false
minimum corresponds to the big bang i older theones.

For pui:nrl.' at different distances trome the conter of nucle-
ation, the big bang occurred at different times. This disparicy
seerns stramge, to say the beast. Bat caretul examinaton of the
infbaton hebd reveals what wene on, The inflagon acted a3 a
chronometer: its value at a gven posne represented the tme
elapsed since the big bang occurred at that point. Because of
thie e bag in the commenceinent of the big bang, the value of
the inflaton was not the same everywhere; it was highest at the
wall of thie babbbe and fell ?:I!L"Jdih_.' towand the center, Mathe-
miatically, the valoe of the mflaron was constant on surfaces
with the shape of hyperbolas [see ilfustration betone|

-
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ELAPSED TIME
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INFIMITE UNIVERSE M FINITE SPACE? Thas scemsingly pari-
doxscal arangement s possible becanse space and ome are per-
ceived differently outside {fop) and inside {fodtom) the bubble uni-
verse, Here, time—as seen by exterior obwervers—marches upward.
Space, by definition, is any line or surface that Coamecs points at a
oortain tne [bwtzostal [bres). The bubble books fnaiee. Interor ob-
servers, however, ane aware only of elapsed tme, the amount dhat
heas passed since the bubble hest arrived o a given positeon, As
elapsed mme moreases, emperature decreases—which mpels phys-
ical change (bov i vellowe: cool iz black), Sarfaces of constamt
clapsed e ane hyperbolas, which bend wpward and never touch
thie busbble wall. Poines inside move apart because of cosmic expan-
sy |obodited fimes), Thus we conme oarsdves kmgs of infinite space.
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The value of the milaron 15 no mere absteaction, It deter-
misned the Basic properties of the universe inside the bubble—
namely, its average density and the temperature of the cosmic
background radianon (today 2.7 degrecs © above absolute
serod, Along a |11_.'|x,:r|1|;y|||. surbace, the density, remmperature
and elapsed time were constant. These surfaces ane what ob-
servirs inside the bubbbe perceive as conszant “rme.”™ Tr i oot
the same as e experienced outside the bubble

Howe is it possible for something so fundamental as tme to
be ditterent on the inside and on the ouside? Based on the
understanding of space and ame before Einstein's theorics of
relativity, such a fear waould indeed have seemed impossible.
But in relativity, the dissincrion berween space and time blurs,
Whar any ohserver calls “space™ and “ome” is largely a
muaeter of convenience. 1 oeisely speaking, fime represents the
direction i which things change, and change inside the
bubshle ts driven by the inflaton,

Bomimched in o Mustghell

chcurdmg o relativity, the universe has foar dimensions—
three for sprace, one far ome. Ui the directson of time
is determined, the three remaining direcoions muse be spatial;
!'JIL':I.' are the directions i which tme is constant. Therefore, a
bubble universe seems hyperbolic from the mside. For us, to
travel our in space is, in effect, to move along a hvperbola. To
look ackward in tme s to ook toward the wall of dhe
bukhble, In principle, we could look outside the bubble and
bseferrie e b Bang, bur in pracrice, the dense, opague early
universe blocks the view.

This :lwl:lillﬁid’ space amd rime alloaws an enpine hg.-rn,'rhnlhg:
umiverse {whose volume is infAnite ) 1o fit insede an expanding
basbble {whose volume, though increasing without limie, s
always fimite . The space inside the bubble is actually a biend
ool both space and time as perceived cutside the bubble, Be-
cause external fime 15 mfmite, so s intemal space.

The sconmungly bizarre concepe of bubble universes frees
I:II.I.lil1iI.!1li|I‘.|-' 1'|sr!|||':,: frommn % mastence thar (3 ﬂ,]ll:l.l o, Al=
thowgh the Formation of the bubhle created hyperbolas, it said
noghing abows their precise scale. The scale is instead deter-
mined by the details of the inflaton potennal, and it varnies over
time in accordance with the value of €2, Initally, £2 inside the
bubshle equals zero, Dormg mflamon, s value mereases, ap-
proaching one. Thas, hyperbolas st off with an abrupe bend
and gradually flamen cast, The inflacon potential sets the rate
ang] darstian ol F|:|Ir|'||ir||..:. Evestuilly inflation in the bublle
comes to an end, at which point £1 1 poised extremely near bac
Ery x|'ig|'|r|1l,- lw|c1w ane. Thcn H“arrs i tk’ﬁ:l‘l'ﬂ!ﬂ". [} 1|1|: v:!ur.q-
ticn af inflanon inside the bubble is jusc right (vo within a few
pereent], the current valse of £2 wall match the observed vakee,

At first glance the process may secm bareque, bu the main
comclusion s simple: the uniformary and geometry of the wni-
verse need not be linked. Instead they could result from dif-
ferent stages of inflaton: uniformty, from inflaton before
the nuckeation of the bubble; geometry, from inflanon within
the bubble, Because the two Fm:urll,'rl'irs are not intertwined,
the need for uniformity does not determine the durarion of
inflanion, which Lusts just long enough to give the hyperbalas
the desired degree of flamess,

In fact, thes formuolanon is a straighdforward extension of
the big hang theory. The standard view of nflacion describes
what happened just Befose the conventional big bang expan-
s The new concepoon, known as open inflanonary theory,

lnflation pra Lone-Dersity Uriverse




The Geometry of the Universe  THREE GEOMETRIES arc shown here from two different perspectives:
3 hypothetical outside view deat ignores, for the sake of illusteation, one of the

A f spatial dimensions (leff colurn) and an inside view that shows all three di-

I{ the umiverse had an “outside” and mensions s well ns a reference frameverk (right coluimn), The outside view

: people could view it from that perspec i5 wseful for secimg the basic geometric rules. The imside view reveals the ap-
tive, cosmolagy would be much easier.  parent sizes of objects (which, in these diagrams, are the same actual sise) at
Lacking these gifts, astronomers must Infer  different distances. Here ubjects aned framework redden with distance,
the basic shape of the universe from s geo-
mitric properties. Everyday experience indi-
cates that space is Euclidean, or “flay,” on |
small scales. Parallel lines never meet, trian-
gles span 180 degrees, the circumference of
a cirche is 3n7, and so on. But it would be
wrong to assume that the universe & Eu- |
clicdean on large scales, just a5 it would be
wrong to concluds that the earth is flat just
because a small patch of it looks flat. |

These dre two other possible three-dimen l
slonal geometries consistent with the obser [
vations of cosmiic homogeneity (the equiva- |
lence of all points in space) and sotropy [the | I
equivalence of all directions). They are the |
spherical, o “closed,” geometry and the hy-
perbolic, or “open,” geometry. Both ane char
acterized by a curvature length analogous to
the earth's radius, If the curvature is positive,
the geometry is spherical; if negative, hyper-
badic. For distances much smaller than this
length, all geometries kook Euclidean. | I

In a spherical universe, & on the sarth’s "‘% B
surface, parallel lines eventually meet, trian- | i
gles can span up to 540 degrees, and the cir-
cumference of a cirde is smaller than 2nr, Be-
cause the space owrves back on itielf, the
spherical wniverse is finate. In & hyperbolic
universa, parallel lines diverge, triangles have
less tham 180 degrees, and the croumference
of a cirche is larger than 2rr. Such a universe,
like Euclidean space, is infinite in slze. | Thisne
ari ways to make hyperbolic and flat uni
werses finite, but they do not affect the con- o
clusions of mflathanary theony)

These three geometries have quite dif-
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MURINEN Syt iy

Flat space obeys the familiar rules of Euclidean peomerry, The angular size
of identical spheres is inversely proportional 1o distance—the wsnal van-
ishing-point perspective tanghr in an class,

Spherical space has the geometnc properties of a globe. With mcreasing dis-
: A tamce, the spheres ar first seem smaller. They reach o minimum appasent size
ferent effects an perspective (nght), which andd subsequently look langer. (Similarky, lines of longitde emanating from a
distort the appeararice of features in the  pole yparute reach 8 meximum separation a the equptoe and then refoens
casmic microwave background radiation. oo the oppaosite pole. | Thas framework consists of dodecaledsa,

The largest ripples in the background
have the same absolute size regardbess of
the specific process of inflation, if the uni-
verse is flat, the largest undulations would
appear to be about one degree acrass, But
if the universe is hyperbaolic, the same fea
tures should appear to be only half that
size, simply because of geometric distor-
tion of light rays.

Preliminary observations hint that the
ripples are indeed one degree acrass [see
MNews and Analysis, "The Flip Side of the
Universe,” by George Musser, SO AseR-
i, September 1998] If confirmed, these re-
sults imply that the open inflationary
theory is wrong. But tentative findings are
often proved WIONg, S0 astronamers await Hyperbolic space has the geometry of a saddle. Angular size shrinks much
upcoming satellite observations for a de- o rapidly with distance than in Fuclidean space. Becnarse angles are more
finitive answer, MAB and ON.5.  apise, five cubedike objecs Bt around each edge, rather than only fousr:
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How Did the Universe Begin?

The laws of physics generally describe how a physical
system develops from some injtial state. But any theony
that explaing how the universe began must invelve a radically
different kind of law, ome that explains the initial state itsedf, If
normal laws are road maps telling you hew to get from A to B,
the: new laws must justify why you started at & to begin with.
Many creative podsibilities have been proposad.

In 1983 James B, Hartle of the University of Califormas at Santa
Barbara and Stephen W. Hawking of the University of Cam-
bridge applied quantum mechanics to the universe as a whole,
progucing a coseic wave function analogous to the wave func-
tion for atoms and elementary particles, The wave function de-
termines the initial conditiens of the universe, According to this
approach, the usual distinction between future and past breaks.
dov in the very early universe; the time direction takes on the
properties of a spatial direction. Just as there is no edge to
space, there is no identifiable beginning to time. In an siterna-
tve hypothesis, Alexander Vilenkin of Tufts Uriversity proposed
a "tunnefing” wave function determined by the relative proha-
balities for & universe of pero size to became 3 universe of finite
size of its owm accord,

Last year Hawking and Meil G, Turak, also at Cambbridge, sg-
gested the spentaneous creation of an open inflationary
bubble from nethingness. This new version of apen inflation by
passes the need for false-vacuum decay, but Vilenkin and An-
drei [ Linde of Stanfard University have challenged the as-
sumptions in the caloulation.

Ll-nde has tried to skirt the preblem of initial conditians by
speculating that inflation is a process without beginning
[see “The Self-Repreducing inflationary Universe,” by Andrei
Linde; SOenmAc AMEmcan, Novermber 1904]. in the classical pic-
ture, inflation comes to an end as the inflaton field rolls down it
potential. Bul because of quantum fluctuations, the field can
jumnp up the potential as well a5 down. Thas, there are always
regians of the universe—in fact, constituting a majority of its
volume—that are inflating. They surrcund pockets of space
where inflation has ended and a stable universe has unfolded.
Each pocket has a different set of physical constants; we live in
the one whose constants are suited for our existence, The rest of
the universe carrles on inflating and abways has. But Vilenkin
and Arvind Borde, also at Tufts, have argued that even this ex-
tension of inflation does not describe the arigin of the universe
completely. Although Inflation can be eternal in the forwand
time direction, it requires an uitimate beginaing.

J. Richard Gott [ and Li-Kin Li of Princeton University recently
propesed that the universe |s trapped in a cyclic state, rather like
a time traveler who goes back in time and becomas her gamn
mether. Such a person has no family tree: no explanation of her
provenandce is possible, In Gott and Li's hypothesis, aur bubble
beoke off fram the cydic prete-universe; it Is no langer cpclic but
Instead is slways expanding and cooding.

Unfartunately, it may be very difficult (theugh perhaps not
Impassible) for astranomers 10 t83r any of these ideas. Inflation
erases almost ol observational signatures of what preceded it.
Many physicists suspect that a fuller axplanation of the
prefnflationary universe—and of the origin of the physical laws
themsehes—will have 1o await a truly furcsmental theory of
physics, perhaps string theory. —MAE, and [IN.5.
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adds another stage preceding standard inflation, Another
theary describing even carier times will be needed to explan
the original creation of the universe [see box ar Liefe]

Life in a bubble univers: has & number of INEErESIig Cone
sequences (ot 10 mention possibilities for science-fiction
plos). For instance, an alien ohserver could safely pass from
the outside to the inside of the bubble, But once inside, the
ehserver (like us) could never leave, for doing so would re
quire traveling faster than lighe. Ancther implication is thar
our universe is only one of an infinity of bubbles immersed
in a vast, frothy sea of eternally expanding false vacuum.
What if two bubbles collided? Their meeting would unleash
an explosion of cosmic propartions, destroying everything,
inside the bubbles near the point of impace. Forrunarely, be
cause the nucheation of bubhles i an extremely rare proces,
such cataclysins are improbable. Even if one occurred, 3
substantial portion of the bubbles would not be affecied. To
abservers inside the bubbles burar a safe distince, the event
wenlld look like a brodling-har region in the sky.

Corroborating Evidence

Hnw deses ome rest this theory? To explain why the uni-
verse is uniform i certainly 2 good thing. Bur validating
a theary requires that some quantitative predicrions be com-
pared with observarions, The specific effects of open inflation
were calculated in 1994 with contributions by the two
groups that pefined the theory, as well as Bharat V. Racea and
P James E. Feehles of Princeron.

Both ehe old and the new concepas of inflation make
definite forecasts hased on guanmum effeces, which cased
diffesent points in space to undergo slightly different amounts.
of inflation. When inflation ended, some energy was left aver
in the inflaton field and became ordinary radiarion—the fuel
of the subsequent big bang excpansion. Becawse the duration
of inflason varied from place to place, so did the amount of
residual enery and therefore the densiry of the radiagion,

The cosmic background radiation provides a snapshor of
these undulations. In open inflanon, it is affected nog only by
Huctuations thar develop within the usiverss bur ales by anes
that arise ouside the bubble and propagare inside, Other rip-
ples are set in motion by imperfections in the nucleation of
the bubble. These patterns ought t0 be most notable on the
largest scales. In cffect, chey allow us 10 look outside our |
bubble universe, In addition, one of us (Spergel), working
with Marc Kamionkowsk, now ar Columbaa Univeesity, and
MNaoshi Sugiyama of the University of Tokvo, realized that
open mitation shauld have other, purely geometric effecs
[see box on precading pagel,

At the current level of precision, the abservations cannot |
(distinguish between the predictions of the two inflationary
theories, The moment of truth will come with the planned de-
|plovment late next vear of the Microwave Amisetropy Probe
IMAT by the Mational Acronawtics and Space Administra-
gion. A maore advanced Furopean counserpars, Planck, is due
for launch in 2007, These satellites will perform ohservarinns
similar o those of the Cosmic Microwave Backpround Ex-
plorer (COBE) satellite nearly a decade aga, but ar much
higher rescdution, They should be able w0 pick our which
theory—either the coamoligical constant or open inflating
vorrect. O it could well num our thae neither fies, in which |
case researchers will have to stare over and find some new
wdeas for what happened in the very early universe. =
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MAJOR PARADOX mrolagy is the near uniformity of the
utiverse. In the nom hang expansion, such regularity 15 im-
possible {upper part of diagram). Billions of years ago rwo gal-
axies on opposite subes of the sky began 1o shine. Althaough the
umaverse was expanding, the lght was able to overtake ather gal-
axies and finally reach ws in the Milky Way, Humans, viewing the
gakaxies through tebescopes, remarked that they looked ansch the
same. Vet light from ather galaxy had not yet arrived at the ather,

EARTH

OVERTOOK LIGHT,
LOST CONTACT

DnZda

How, without socng each other, could the two have harmonized
their agyearance? Inflation {fower part) provides an answer. In
the first split second of cosmic history, the predecessors of the gal-
axics were touching, Then the wriverse expanded at an acceler

aning, rave, pulling them apart ar faseer than the speed of hight, Ever
since, the galaxies have been unalle wo see each other, When infla
tion ended, light began to overtake them agass; after billions of
conmeace,

Vs, the galaxies will come hack int
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